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Temperature-dependent photoluminescence measurements have been carried out in zinc-blende
InGaN epilayers grown on GaAs substrates by metalorganic vapor-phase epitaxy. An anomalous
temperature dependence of the peak position of the luminescence band was observed. Considering
thermal activation and the transfer of excitons localized at different potential minima, we employed
a model to explain the observed behavior. A good agreement between the theory and the experiment
is achieved. At high temperatures, the model can be approximated to the band-tail-state emission
model proposed by Eliseev et al. @Appl. Phys. Lett. 71, 569 ~1997!#. © 2001 American Institute of
Physics. @DOI: 10.1063/1.1403655#One of the most characteristic features in InGaN alloys
is the apparent local composition fluctuations in In and Ga
concentrations. Generally, random alloy disorder is a com-
mon phenomenon in ternary semiconductor materials. How-
ever, in InGaN, there has been more and more evidence1–4
showing that In-rich clusters with a broad size distribution
from the atomic scale up to 100 nm form, instead, a simple
random statistical distribution of In and Ga atoms. These
In-rich clusters create a complex spatial landscape for the
electronic states and lead to the presence of localized states
with energies of several hundred meV below the band gap.5
As a result, several anomalous phenomena, such as the co-
existence of high luminescence efficiency and high density
of threading dislocations as well as the blueshift of lumines-
cence peak position with increasing temperature, etc., are
quite often observed in InGaN alloys grown on different sub-
strates with different growth techniques. A band-tail-state
emission model is proposed by Eliseev et al.6 to interpret the
frequently observed blueshift of the emission peak with tem-
perature.
In this letter, temperature-dependent photoluminescence
~PL! spectra of zinc-blende InGaN epilayers grown on GaAs
substrate have been measured. We focus on the observed
anomalous temperature dependence of the luminescence
peak positions of the samples. A model, taking in account the
thermal activation and transfer of the localized excitons, is
developed to fit the experimental results. A good agreement
between the experiment and the theory over almost the
whole interested temperature range is obtained. Interestingly,
the present model can be approximated to the Eliseev’s
model6 at the high-temperature region.
The InxGa12xN epilayers investigated here were grown
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Downloaded 06 Nov 2006 to 147.8.21.97. Redistribution subject to on GaAs~001! substrates with metalorganic vapor-phase ep-
itaxy. Prior to the growth of about 0.3 mm InGaN layers, an
about 0.6-mm-thick zinc-blende GaN buffer layer was depos-
ited. Further details of the growth can be found elsewhere.7
Two samples with In concentrations of 21% ~sample A! and
14% ~sample B! ~Refs. 7 and 8! were investigated in the
work. The PL system has been previously described
elsewhere.9 The temperature of the samples ranged from 4 to
300 K. A standard phase lock-in technique was employed to
enhance the signal-to-noise ratio.
Figure 1 shows the PL spectra of sample A at several
different temperatures. The peak position of the lumines-
FIG. 1. PL spectra of sample A (In0.21Ga0.79N) at different temperatures.
The inset shows the temperature-dependent emission intensity ~solid square!
and the fitting curves with I}eEA /kBT.0 © 2001 American Institute of Physics
AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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which is in good agreement with recent theoretical results.10
The temperature dependence of the peak positions ~solid
circles! of the luminescence band of sample A is shown in
Fig. 2. Obviously, it does not follow the behavior of a semi-
conductor band gap predicted by either the Varshni11 or
Bose–Einstein12 formulas. When the temperature is below
160 K, the luminescence band redshifts faster than that pre-
dicted by Varshni’s empirical formula as the temperature in-
creases. However, the blueshift of the luminescence peak
takes place when the temperature is up to 160 K. The
temperature-induced blueshift of the luminescence peak has
been observed in a lot of different semiconductor
materials13,14 including InGaN.6 The faster redshift of the
luminescence band in the low-temperature region was ob-
served in a self-organized InAs/GaAs quantum-dot ensemble
with a large size distribution.15 InGaN alloys with In-rich
clusters are very similar to the InAs/GaAs quantum-dot sys-
tems. Therefore, it can be expected that there are very similar
behaviors of the luminescence bands between two material
systems. Starting from the rate equation proposed by Xu
et al.,16 we further derive a model to fit the observed tem-
perature dependence of the luminescence band in zinc-
blende InGaN alloys.
It has been demonstrated that the radiative recombina-
tion of localized excitons dominates in the luminescence pro-
cesses in InGaN alloys.5 The localized electronic states is a
distribution function of energy and is assumed to be a
Gaussian-like function here, that is, r(E)}exp@2(E
2E0)2/2s2# , where E0 and s represent the center and width
of the distribution function respectively. When the sample is
heated, thermal activation and thermal transfer of the local-
ized excitons occur. This leads to the temperature-dependent
redistribution of the localized excitons. Under weak excita-
tion conditions, the dynamics of the localized excitons can
be described by the following rate equation:16
FIG. 2. Peak positions of the luminescence bands of samples A and B as a
function of temperature. Solid circles are the experimental data while solid
















where N(E ,T) is the distribution of the localized excitons;
G(E) is the generation rate, which is proportional to the
distribution of the localized states; Ea represents a barrier
level that the carriers must overcome to transfer; kB is the
Boltzmann constant; T is the lattice temperature; t tr is the
carrier transfer time; tr is the carrier recombination time; and
a represents the carrier recapture coefficient. Under steady-
state conditions, that is, dN(E ,T)/dt50, the solution of Eq.




e ~E2Ea!/kBT1t tr /tr
. ~2!
Let ]N(E ,T)/]E50, the peak positions of N(E ,T) at differ-
ent temperatures can be derived from Eq. ~2!. We find that
when
E5E02x~T !kBT , ~3!
N(E ,T) reaches its maximum values. The temperature-
dependent dimensionless coefficient x(T) in Eq. ~3! can be
obtained by numerically solving the following equation:
xex5S trt trD F S skBT D
2
2xGe ~E02Ea!/kBT. ~4!
Equation ~4! has only one solution at 0,x,(s/kBT)2.
If all localized excitons are assumed to have the same
radiative recombination rate, the peak position of N(E ,T)
represents the peak positions of the luminescence band.
Thus, Eqs. ~3! and ~4! can be employed to fit the experimen-
tal data. The solid lines in Fig. 2 are the fitting results to the
experimental data of samples A and B, respectively. The fit-
ting parameters are E052.828 eV, Ea2E0575 meV, t tr /tr
50.022 ps/800 ps, and s530 meV for sample A and E0
52.9725 eV, Ea2E0580 meV, t tr /tr50.022 ps/500 ps,
and s517.2 meV for sample B, respectively. Quite good
agreement between theory and experiment is obtained. The
energy difference Ea2E0 reflects the magnitude of the car-
rier localization. We note that our values of Ea2E0 are in
good agreement with the localization depth in the wurtzite
In0.15Ga0.85N reported by Yang, Lin, and Chen17 very re-
cently.
At the high-temperature region, when (tr /t tr)exp@(E0
2Ea)/kBT#@1, the approximated solution of Eq. ~4! is given
as
x~T !’~s/kBT !2, ~5!
and Eq. ~3! becomes E’E02s2/kBT . Then, our model be-
comes the band-tail-state emission model proposed by Eli-
seev et al.6 A comparison between Eq. ~4! and Eliseev’s
model is given in Fig. 3, showing that the two models are
consistent with each other at the high-temperature region.
The temperature dependence of the integrated PL inten-
sity of sample A is plotted in the inset of Fig. 1. The thermalAIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
1812 Appl. Phys. Lett., Vol. 79, No. 12, 17 September 2001 Li et al.activation energy EA can be obtained by fitting the data with
I}exp(EA /kBT). We got EA560 meV for sample A and EA
552 meV for sample B, both less than the corresponding
values of (Ea2E0) of the two samples. We know that at the
high-temperature region, quite often impurities and defects
in semiconductors are thermally activated as nonradiative
centers to quench the luminescence, and consequently, re-
duce the thermal activation energy.
In conclusion, the PL spectra of zinc-blende InGaN al-
loys at different temperatures were measured. Unusual tem-
perature dependence of PL peak energy is observed and is
fitted well by a model of thermally activated redistribution
within a Gaussian ~energy! distribution of localized states.
The results provide evidence for exciton localization up to
room temperature, with the energies of the localized states
described by a Gaussian distribution with a spread of 30
meV ~sample A! or 17 meV ~sample B!. Several researchers
have suggested that In-rich clusters of varying sizes may
give rise to localized exciton states with a broad distribution
of energies in InGaN films.
FIG. 3. Comparison between the present model and the band-tail-state emis-
sion model proposed by Eliseev et al. ~see Ref. 6!. using the fitting param-
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